It is essential to perform dynamic simulation in order to verify the safety of capture operation at time of contact between the grapple fixture of the H-II Transfer Vehicle (HTV) and the Latching End Effector (LEE) of the Space Station Remote Manipulator System. This paper presents the contact dynamics model for a snare wire inside the LEE in capturing the grapple fixture of the HTV. An explicit method for modeling contact dynamics is chosen so as to achieve a simple form and low computational cost in dynamic simulation. A contact model is developed using a rigid bar (grapple fixture) and a rigid wire. Wire stiffness is derived from the simplified equation of motion of the wire. The proposed stiffness model enables one to predict contact force during capture operation. Experimental measurement of the wire stiffness in static conditions verifies the proposed stiffness model. For the verification of the proposed model in dynamic conditions, a contact dynamics experiment is conducted using an air-floating test bed, which is capable of emulating two-dimensional planar micro-gravity environment. The experiment and corresponding dynamic simulation confirm the validity and usability of the proposed contact dynamics model.
Introduction
The H-II Transfer Vehicle (HTV) is a space transportation system and one of the main suppliers to the International Space Station (ISS). The HTV is playing an increasingly important role as the Shuttles retire. Among the current transportation systems, the HTV is the only one that adopts the capture-berthing system, in which the HTV autonomously approaches the ISS and is captured by the Space Station Remote Manipulator System (SSRMS) (Fig.1) . The capture-berthing technology is an important technology for space development, especially for the construction of large structures on orbit.
When the HTV approaches the ISS, the SSRMS grasps a grapple fixture of the HTV with use of the Latching End Effector (LEE) as shown in Fig.2 . The LEE is equipped with three snare wires inside its cylindrical hollow, and they Trans. JSASS Aerospace Tech. Japan Vol. 10, No. ists28 (2012) Pd_78 2 squeeze the rod-shaped grapple fixture to fix its position at the center.
However, capturing a target in space is one of the most difficult tasks in space missions because failure has high chance of coinciding with secondary damage to the ISS, which could be disastrous. In order to protect the ISS from critical damage, the SSRMS undergoes an emergency halt in contingency cases. Thus, it is significant to confirm the safety of capturing sequence even when the SSRMS is halted in contingency cases. The HTV missions so far ended up with great success thanks to well-trained astronauts; however, unexpected troubles may happen in future missions. Therefore, the dynamic simulation of the HTV in contingency cases is essential to prove the safety of the HTV missions. Therefore, a contact dynamics model between the LEE of the SSRMS and the grapple fixture of the HTV is needed.
There are two mainstreams in constructing the contact dynamics model: explicit methods and implicit methods. Explicit methods are represented as the continuous penetration model, in which one rigid body penetrates into another rigid body. Contact force is modeled in explicit forms; hence no recursive computation is needed in dynamic simulation. The accuracy of computed contact force depends on the choice of contact model. In contrast, implicit methods are represented as the finite element method, in which the deformation of contact bodies is computed with use of predefined meshed elements. Contact force is modeled in implicit forms because recursive computation determines the behavior of the defined elements. The accuracy and computational cost strongly depend on the number of elements.
We chose an explicit method as the contact dynamics model because of less computational cost in dynamic simulation. The future perspective of this research is to implement the constructed contact dynamics model in a real-time simulator for a capture operation system. Thus, the simplicity and computational efficiency of the explicit method meet the requirements for real-time simulation.
There are two important experiments and several researches related to the work presented in this paper. As the on-orbit experiments for autonomous rendezvous-docking technology, the Japanese Engineering Test Satellite VII (ETS-VII) performed the first on-orbit experiment in 1997 by NASDA 1) . In 2007, the US Orbital Express performed the on-orbit experiment including fluid transfer and unit replacement by DARPA 2) . In terms of the SSRMS, which is categorized as the flexible arm, the modeling of the flexible robotic arm has been proposed. For instance, Chichester 3) and Qi 4) proposed the flexible link model, and Spong 5) and Yoshikawa 6) proposed the flexible joint model. However, the contact dynamics model of the LEE including the dynamic interaction due to the contact between the snare wire and the grapple fixture has not been proposed yet.
This paper presents the contact dynamics modeling of a snare-wire-type end effector for performing capture operation on the HTV. The contact dynamics model between the snare wire of the LEE and the grapple fixture of the HTV is defined as a continuous penetration model. In this paper, we propose the wire stiffness model, defined by the combination of the equivalent stiffness of a beam and a string. The proposed model adopts an explicit method, and hence a simple model and a less computational cost are achieved. The proposed wire stiffness model is verified in two ways: stiffness measurement in static conditions, and contact experiment in dynamic conditions. The wire stiffness is measured statically with different contact positions and wire tensions. The contact experiment adopts the air-floating test bed as an on-ground micro-gravity emulator, to measure the dynamic interaction between the wire and the air-floating target. Both the static measurement and the dynamic experiment confirm the validity of the proposed wire stiffness model.
Theory and Modeling
This section describes the proposed contact dynamics modeling of the snare wire of the LEE in capture operation. First, the assumptions in the proposed contact dynamics model are presented. Next, the contact force model is presented. Then, the proposal of the wire stiffness model and the derivation of the proposed wire stiffness model are presented in detail. Finally, the characteristics of the proposed wire stiffness model are presented.
Assumptions
In this paper, several assumptions are made to construct the contact dynamics model of a snare wire of the LEE in capture operation.  Both the snare wire and the grapple fixture are rigid. 
Contact is approximated as a point contact.

The deflection of wire is equated to the penetration into the rigid wire at contact point. 
Normal force can be expressed as linear spring-dashpot model.  Tangential (slipping) force can be expressed as Coulomb friction model. The contact dynamics model based on the above assumptions is shown in Fig.3 .
Contact force model
The contact force must be modeled in order to perform dynamic simulation. The contact force is divided into the normal force and the friction force.
In this formulation, the deflection of the wire is equated to the penetration of the rigid grapple fixture into the rigid wire, according to the assumption made at the beginning of this section. Thus, the contact force normal to the wire axis is given as follows.
� � � �� � � �� � ��� � �� (1) At time of contact, the grapple fixture slips on the wire surface, which results in friction between the surfaces. In this analysis, the Coulomb friction model is used:
where � � is force normal to a wire given by Eq. (1). The friction force can be easily decomposed in the reference frame fixed on a floating body because it appears in the slipping direction at the contact position on the body.
The friction force has influence on the change in translational and angular velocities of a floating body, compared to the case of no friction. The effect of friction on velocity change depends on other dynamic conditions such as the position of contact, the position of the center of mass of a floating body, and the angle of collision. For instance, the angular velocity increases in some cases due to friction, and it decreases in other cases.
The following subsections present the modeling of the stiffness � of the contact force in Eq. (1).
Definition of wire stiffness model
The equivalent stiffness of a wire using contact force and deflection is defined as follows.
� � � ���� (3) The equation for the equivalent stiffness of a wire can be simplified by the assumption that a wire can be expressed as the superposition of a beam and a string. With the boundary conditions that the wire is assumed to be fixed at both ends, the proposed wire stiffness model is given by the following:
where � � and � � are the equivalent stiffness of a beam and a string, respectively, and the weighting coefficients � and � are arbitrary. In this paper, the weighting coefficient � is chosen so as to compensate the influence of contact position � on the effect of a string.
where � and � are arbitrary. The other weighting coeffi cient � is kept arbitrary.
Characteristics of wire stiffness model
This subsection explains the characteristics of the proposed wire stiffness model given by Eq. (4) and Eq. (5).
The most remarkable point in the proposed wire stiffness model is that the three parameters ( � , � , and � ) are independent of unloaded tension �, Young's modulus �, area moment of inertia � and the total length �. The parameters �, �, and � remain constant if �, �, �, and/or � are the only differences in the actual setup.
Next, the constant � expresses model errors, such as nonlinearity, and human errors, such as both end conditions. In real situations, a wire has some degree of nonlinearity, which can affect the wire stiffness tendency. There are also some human errors which are not included in a linear model. For instance, both ends may not be strongly fixed; the curl of wire may be different from wire to wire even when the lengths are the same; the length of wire may be questionable when both ends are welded; and so forth. The additional term of Eq. (5) solves these problems.
Therefore, the term Eq. (5) is an indicator of nonlinearity of a wire, including human errors and model errors. For instance, a wire can be modeled by a linear model if � � 0, whereas a wire has some degree of nonlinearity if � � 0.
Derivation of wire stiffness model
This subsection presents the derivation and fundamental equation of snare wire.
The equation of a wire can be derived with the assumption that a wire is modeled as a tensioned beam. Applying Newton's 2nd Law to the infinitesimally small segment of the wire, the force equation in the transverse direction is expressed as follows 7) .
The moment equation of equilibrium is as follows.
The angle of deflection is related to the elastic deflection in the following form.
� � �� �� (8) Thus, for small deflection, the sine function in Eq. (6) is approximated as the following linearized form using Eq. (8). The moment exerted on the wire is expressed as a function of deflection.
���, �� � �������� � � � �� �
Combining Eq. (6), Eq. (7), Eq. (9) and Eq. (10) leads to the following equation of motion of a wire.
If the flexural rigidity of the wire is constant, Eq. (11) becomes the following fourth-order linear partial differential equation.
Therefore, in the static condition, Eq. (13) becomes the following fourth-order linear ordinary differential equation.
As defined in Eq. (3), the equivalent stiffness is expressed as the ratio of contact force to wire deflection. Thus, the equivalent stiffness of the wire requires the mathematical representation of the wire deflection to construct the wire stiffness model. A general solution to Eq. (13) is given as follows.
����
The coefficients of Eq. (14) are obtained from the boundary conditions and the continuous conditions. If one assumes that endpoints are fixed, corresponding boundary conditions are as follows 8) .
Contact between a wire and a grapple fixture creates contact force. In the case of concentrated contact force, the following continuous conditions are applied to Eq. (14) as follows 8) .
From Eq. (14) to Eq. (16), one can obtain the solution of the deflection � of a wire. The exact solution of the wire deflection � is, however, too complicated to implement in programming. Thus, another assumption is introduced that a wire can be defined as a combined object of a beam and a string. In terms of mathematical representation, the equation of the wire is assumed to be expressed as the superposition of the equations of a beam and a string. The equations are written as follows: 
Comparison between exact solution and proposed model
This subsection presents the comparison between the exact solution and the proposed wire stiffness model.
The main advantage of the proposed wire stiffness model is that it is capable of expressing the equivalent stiffness of the wire in a simpler form with less computational cost than the one obtained from the exact solution to Eq. (13). This is achieved by the assumption that the wire deflection is given by the superposition of a beam and a string.
For example, the comparison of the deflection (Fig. 4. (a) ) and stiffness ( Fig. 4. (b) ) shows the consistency between the exact solution and the proposed model. The model parameters are as follows: the flexural rigidity �� is 1 [Nm 2 ], the total length � is 200 [mm], the unloaded tension � is 30 [N], the weighting constant � is 1, and the arbitrary constants � and � in the weighting constant � are 1.1 and 0, respectively. For [N] and 60 [mm] to the left, respectively. The constants �, � and � are determined by the least square method. "fit" function in the MATLAB curve fitting toolbox is used for the least square method. � � given by "fit" function is 0.985. As shown in Fig. 4 , the deflection and stiffness obtained from the proposed model fairly describe the exact solution of deflection.
Verification I: Static Analysis
In order to verify the proposed wire stiffness model, static measurement of wire stiffness was conducted. The theoretical prediction of the wire stiffness from Eq. (4) is compared with the experimental result.
Experimental setup and conditions
The experimental setup is shown in Fig. 5 . Both ends of a wire were fixed with respect to the inertial frame. One end was attached to a force/torque sensor, made by Nitta Corporation, and the other end was attached to a tension controller. A grapple fixture was attached to the tip of PA10 robotic arm, made by Mitsubishi Heavy Industry. In this experiment, PA10 robotic arm controlled the displacement of the grapple fixture. Another force/torque sensor attached at the tip of PA10 measured the contact force exerted on the grapple fixture.
The . Since the flexural rigidity �� and a total length � were given by the material, shape and size of the wire, the target parameters to test were the unloaded tension � and the contact position �. In this measurement, the unloaded tensions were set to 20, 30, 40, 60, 80 and 100 [N], and the contact positions were set to 17, 44 and 87 [mm]. The experiment was conducted three times for each condition. The stiffness for each condition was calculated by taking the inclination of the line of the force-displacement plot.
Experimental results and discussion
The data points in Fig. 6 and Fig. 7 are the experimental results of measured stiffness.
The measured wire stiffness showed two tendencies. First, the stiffness increased as the unloaded tension increased. Second, the stiffness decreased as the contact position approached the center.
These tendencies confirmed that the experiment was performed properly because the results coincided with the actual physical characteristics of a wire. For instance, the wire stiffness was expected to be high for high unloaded tension since the tension caused the wire to prevent itself from deflecting. From the point of view of the contact position, the wire stiffness was also expected to be high for the position close to the end points since both ends seldom deflected compared to the one near the center.
Comparison with theoretical prediction
The theoretical predictions of wire stiffness model Eq. (4) are also drawn by lines in Fig. 6 and Fig. 7 . The parameters in Eq. (4) and Eq. (5) were � = 0.78, � = 45, and � = 3.
As shown in the graphs, the theoretical predictions of wire stiffness clearly matched the experimental results. Therefore, the static analysis of wire stiffness model confirmed the validity and usefulness of the mathematical representation of the wire stiffness.
Verification II: Dynamic Analysis
This section presents the dynamic analysis of the wire stiffness model. In order to verify the proposed wire stiffness model in dynamic conditions, a contact dynamics experiment was conducted, using the air-floating test bed as a micro-gravity emulator. The dynamic behavior of an air-floating target and the resulting contact force were measured and compared with the dynamic simulation.
Experimental setup and conditions
The experimental setup is shown in Fig. 8 with the coordinate frame. A wire was fixed vertically with respect to (a) Experimental setup.
(b) Schematic view (front). 
Dynamic simulation model and conditions
The dynamic simulation model is shown in Fig. 9 with the coordinate frame. The wire was fixed with respect to the inertial frame, and the air-floating target moved in a two-dimensional space that was normal to the wire axis. The contact force was expressed in the forms of Eq. (1) and Eq. (2), assuming that both the air-floating target and the wire were rigid.
The dynamics calculation was performed by the SpaceDyn, which is the MATLAB toolbox for multibody dynamics system created by Space Robotics Laboratory at Tohoku University, Japan.
The parameters in the proposed wire stiffness model were determined prior to the collision experiment. The constants of the wire stiffness model in Eq. (4) and Eq. (5) were = 0.26, = 13, = 2. Other physical parameters used in the dynamic simulation were the same as the ones shown in previous subsection.
The damping coefficient of the normal force in Eq. (1) and the friction coefficient of the friction force in Eq. (2) were determined through the dynamic simulation so that the simulation realized the contact forces obtained in the collision experiment.
Experimental and simulation results and discussion
The solid line in Fig. 10 shows the experimental results. Fig.  10 shows the translational and angular velocities of the center of mass of the air-floating target, and Fig. 11 shows the contact forces. The translational and angular velocities were expressed in the inertial frame, and the forces were expressed in the target-fixed reference frame. The velocities were calculated from the differentiation of the position data which were filtered by the Butterworth filter.
The simulation results are also plotted in Fig. 10 and Fig. 11 by dashed lines. In the simulation, the damping coefficient in Eq. (1) was chosen as 1.5 [Ns/m], and the friction coefficient in Eq. (2) was chosen as 0.1.
In Fig. 11 , the contact force was observed in both x-and y-directions expressed in test bed's reference frame. The force in x-direction was the contact force expressed in Eq. (1) because x-direction was aligned to a normal force direction. The force in y-direction was the friction force expressed in Eq.
(2) because y-direction was a slipping direction at the position of contact. As explained in Section 2.2, the effect of friction depends on the dynamic conditions. In this experiment, the friction force acted in a way to increase the magnitude of angular velocity although the effect was weak compared to the normal force.
As shown in Fig. 10 and Fig. 11 , the velocity profiles and force profiles of simulation results matched the experimental results. Thus, this experiment confirmed the validity of the proposed wire stiffness model in the dynamic condition.
Conclusion
This paper presented the contact dynamics model of a wire-type end effector in satellite capture. The proposed wire stiffness model adopted an explicit method, and was defined by the ratio of the contact force to the deflection of the wire. The equation of the wire was derived and simplified by assuming the principle of superposition of a beam and a string. Then, the wire stiffness model was proposed using the solution to the simplified equations of a beam and a string. The resulting model was simple and easy to implement, and its computational cost was kept low. Two verifications were presented: static analysis and dynamic analysis. The static analysis was the measurement of wire stiffness, and the measurement confirmed the validity of the proposed wire stiffness model. The dynamic analysis was the contact dynamics experiment using the air-floating test bed, and the experiment confirmed the validity and usefulness of the proposed wire stiffness model in dynamic conditions.
As future work, the proposed contact dynamics model will be implemented in a real-time simulator of space manipulator system. One application will be an SSRMS real-time simulator to perform a real-time HTV capture simulation. Since the Japanese Experiment Module Remote Manipulator System (JEMRMS) also equips its end tip with the LEE, the contact dynamics model will also be used in a real-time simulator of the JEMRMS. 
